JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2018, Vol. 38(10) 1769-1780

© Author(s) 2017

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0271678X17715813
journals.sagepub.com/home/jcbfm

®SAGE

Original Article

Two-kidney one-clip is a pertinent
approach to integrate arterial
hypertension in animal models of stroke:
Serial magnetic resonance imaging
studies of brain lesions before and
during cerebral ischemia
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Abstract

Although chronic arterial hypertension (CAH) represents the major comorbid factor in stroke, it is rarely integrated in
preclinical studies of stroke. The majority of those investigations employ spontaneously hypertensive rats (SHR) which
display a susceptibility to ischemic damage independent of hypertension. Here, we used a renovascular model of
hypertension (RH) to examine, with magnetic resonance imaging (MRI), brain alterations during the development
of hypertension and after brain ischemia. We also examined whether MRI-derived parameters predict the extent of
ischemia-induced brain damage. RH was induced according to the two-kidney one-clip model and multiparametric MRI
was performed at 3, 6, 9, and |12 weeks after hypertension and also at 10, 50, and 60 min following stroke. Blood pressure
values increased progressively and reached a plateau at 6 weeks after RH induction. At 12 weeks, all hypertensive animals
displayed spontaneous brain lesions (hemorrhages, deep and cortical lesions, ventricular dilatation), increased apparent
diffusion coefficient (ADC) values in the corpus callosum and higher fractional anisotropy in the cortex. Following
ischemia, these animals showed larger brain lesions (406 +82 vs. 179436 mm?, p <0.002) which correlated with
ADC values at chronic stage of hypertension. This model of hypertension displays many characteristics of the neuro-
pathology of human CAH. The use of this model in stroke studies is relevant and desirable.
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Introduction . . :
demonstration of neuroprotection into therapeutic

Stroke is currently the third leading cause of death and  benefit in human stroke.> One of the issues that has

of major disabilities in the industrialized countries.'
The only treatments currently approved by health
authorities for stroke are thrombolysis with the tissue
plasminogen activator or mechanical thrombectomy,
which are administered only within the first hours
after the initial onset of symptoms and can be applied
solely to a minority of the patients that enter into this
therapeutic window and present no radiologic signs of
intracranial hemorrhage.”

Brain ischemia research now faces a major challenge
because of the difficulty in translating the preclinical

been put forward to explain this failure is the inad-
equacy of the animal models of stroke.* ® Most of the
available preclinical studies rely on the use of young,

Normandie Univ, UNICAEN, CNRS, CEA, ISTCT/CERVOxy group,
Caen, France

Corresponding author:

Omar Touzani, CERVOxy group, ISTCT Unit, GIP CYCERON, Bd Henri
Becquerel, BP5229, 14074 CAEN Cedex, France.

Email: touzani@cyceron.fr


https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0271678X17715813
journals.sagepub.com/home/jcbfm

1770

Journal of Cerebral Blood Flow & Metabolism 38(10)

healthy animals devoid of concomitant, or underlying
pathologies such as chronic arterial hypertension
(CAH).>¢

CAH, a critical public health problem in the world
and the major modifiable risk and aggravating factor
for all subtypes of stroke,” ” is often ignored in experi-
mental studies of ischemic stroke. Accordingly, many
expert groups have forcefully recommended the inte-
gration of CAH in preclinical animal studies aimed to
test a given therapeutic strategy for stroke.'® '

Therefore, the question now is how to integrate
CAH into experimental stroke studies and what
animal model of hypertension would be the most per-
tinent with respect to future clinical investigations.
Many models of CAH have been reported, but the
great majority of the experimental stroke studies have
used spontaneously hypertensive rats (SHR) and their
related strain, spontancously hypertensive rats—stroke
prone (SHR-SP).>'? However, these strains of rats are
well known to display, in part, a genetic vulnerability to
ischemia-induced brain lesions independent of the
arterial hypertension.'*!?

Based on these observations, an alternative and
complementary model of hypertension ought to be
employed to take this comorbidity into account in
animal stroke studies. One of these models is the
Goldblatt procedure which mimics renovascular hyper-
tension, that accounts for 5-10% of hypertensive
patients.'®" This model of hypertension would also
be used broadly in the vascular-cognitive research
field since hypertension and stroke are highly prevalent
risk factors for cognitive impairment and dementia.>

In the rat, chronic renovascular hypertension,
induced by stenosis of the renal artery, is known to
induce structural and functional alterations in the cere-
brovascular tree similar to those described in SHR .>!"*
Nonetheless, parenchymal alterations during the devel-
opment of hypertension and after brain ischemia are
less well characterized. In the present study, with con-
ventional T2-weighted magnetic resonance imaging
(T2-WI) and diffusion-weighted imaging (DWI), we
analyzed firstly, hypertension-induced brain lesions
and changes in the values of the apparent diffusion
coefficient (ADC) and fractional anisotropy (FA), and
secondly, examined whether these magnetic resonance
imaging (MRI)-derived parameters could predict the
extent of brain damage induced by transient focal cere-
bral ischemia. DWI-derived parameters are increasingly
documented to be a correlate of microstructural
changes in different neurological diseases*-* and there-
fore could provide noninvasive early markers of dis-
ease. In the context of CAH, identification of early
cerebral changes associated with later development of
stroke or dementia could be of importance in the man-
agement of hypertensive patients.

Materials and methods
Animals

Twenty male Sprague-Dawley rats, purchased from the
R Janvier Breeding center, le Genest Saint-Isle, France,
were included in the study. At the beginning of the
protocol, all rats were 4 weeks old and were maintained
in a temperature-controlled housing with 12h day/
night cycle with food and water ad libitum. The experi-
mental procedure was approved by the Regional Ethic
Committee for Animal Research (CENOMEXA N/21-
11-06/21) and carried out in accordance with the EU
Directive 2010/63/EU for animal experiments. Data are
reported according to ARRIVE guidelines. All the
experiments were performed randomly (a random
draw was made for group allocation and for imaging
examinations) and the data were analyzed in a blind
manner. Based on the available literature and a power
analysis, 20 animals were included in this study. Twelve
rats were subjected to renovascular hypertension (HT
group) and eight remained normotensive (NT group).
Three rats of the HT group died after 6-9 weeks fol-
lowing the induction of hypertension (two developed
severe brain hemorrhage and one was found dead in
its cage, but the cause of death could not be deter-
mined). These rats were excluded from the analyses.

Induction of renovascular hypertension

Chronic renovascular arterial hypertension was
induced according to the two-kidney one-clip model
(2K-1C) in 4-week-old rats.?® Briefly, rats were anesthe-
tized with 2-3% isoflurane in N,0/0,:70%/30% and a
paramedian laparotomy was performed to expose one
renal artery. A U-shaped silver clip with an inner diam-
eter of 200 um was placed around the proximal segment
of the artery to induce stenosis. Abdominal muscle and
skin were sutured and the rats received an analgesic
(Tolfedine® 4%, 4mg/kg i.m) and saline (2ml, i.p.)
and thereafter recovered from anesthesia. Control
sham was subjected to the same surgical procedure,
but the clip was not placed on the renal artery.

Arterial pressure measurements

Systolic arterial pressure (SAP) was measured in awake
rats by the tail cuff technique (BP-2000 Blood Pressure
Analysis System™ Visitech Systems) as described by
Letourneur and colleagues (2011).%°> SAP was measured
before and at three weeks after the surgical procedure,
and thereafter, every week during the nine remaining
weeks of the protocol. During each measurement ses-
sion, rats were prewarmed and subjected to 15 consecu-
tive measurements of sAP. The first five measures were
discarded.
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Induction of cerebral ischemia

Twelve weeks following the induction of hypertension,
the induction of anesthesia was achieved with isoflurane
(5%), then the rats were intubated and artificially ven-
tilated (MRI-1 Ventilator; CWE, Inc.). Anesthesia was
subsequently maintained by inhalation of isoflur-
ane (1.8-2.5%) in a mixture of N>O/O,: 70%/30%.
End tidal CO, was continuously measured
(Microcapnograph CI240 Columbus Instruments,
Columbus, OH, USA) and corrected as necessary. The
femoral artery was canulated for assessment of arterial
pressure and gases. Rectal temperature was monitored
and maintained around 37.5°C with a thermostatically
controlled heating pad (Homeothermic Blanket,
Harvard) throughout the anesthesia.

Brain ischemia was induced by 1 h temporary middle
cerebral artery occlusion (MCAo0) by the intraluminal
approach.” Briefly, a nylon thread with a distal stump
(3mm in length and 380 um in outer diameter) was
inserted retrogradely into the external carotid artery
and gently advanced to reach the origin of the MCA.
Magnetic resonance (MR) angiography angiography
was performed immediately after the occlusion and
repeated following the reperfusion.

Magnetic resonance imaging

Each rat underwent a series of MRI examinations
according to the protocol represented in Figure 1.
MRI was performed on a Bruker Pharmascan 7-Tesla
horizontal magnet. Rats were anesthetized by isoflur-
ane (1.8% to 2.5%) in N,0/0,:70%/30% and placed in
a stereotaxic head holder within the magnet.
Physiological parameters were monitored in the MRI
suite as described above.

A scout image was first performed (fast low angle
shot sequence; repetition time (TR)/echo time (TE)=
100/4ms;  resolution  0.39 mm x 0.39 mm x 3 mm,

acquisition time=12.8s) in order to control and
adjust the position of animals within the magnet.
Then, the following imaging examinations were per-
formed: T2-WI sequences (Rapid Acquisition with
Relaxation Enhancement (RARE) factor=8, TR/
TE =5000/65ms; number of experiments (NEX)=2;
10 contiguous slices; resolution =0.15mm x
0.15mm x [.5mm; acquisition time=4min). DWI
(spin-echo EPIs, single-shot, 30 diffusion directions;
TR/TE =3000/46.398 ms; with b=1000s/mm” and 5
reference images (b=0s/mm?); 10 contiguous slices,
resolution =0.3 mm x 0.3 mm x 1.5 mm with saturation
slices at the edges of the field of view (FOV =105 x 50,
NEX =2, acquisition time =7 min). T2*-WI (FLASH
30KHz, 10 slices; resolution=0.12mm x 0.10 mm x
1.5mm; FOV =256 x 256; TR/TE =400/11 ms;
NEX =1; acquisition time=1m 42s). MR angiog-
raphy (FLASH 3D-time of flight (TOF) 32 slices; reso-
lution =0.13mm x 0.18 mm x 0.17 mm;
FOV =256 x 192; TR/TE =10/2.09 ms; flip angle 20°;
acquisition time =1m 215).

At the end of the last MRI acquisition, the rats were
euthanized by a lethal concentration of isoflurane.

Image processing

The MRI images and reconstructed maps (for diffusion
parameters) were analyzed in a masked manner using
the image processing Paravision and in-house macros
built on Image] software. Various indices were
extracted from the DWI images: the eigenvectors (i,
A, A3) and their measures, that is, the eigenvalues
which were used to derive the mean ADC values
defined by: ADC = 222523 axial diffusivity A, =2,
radial diffusivity AL defined by AL =222 and FA

\/3<(AI—Z A)2+(A2—Z ,\)24-(;\3—2 x)z

N 20.12422242.32)

defined by FA = 26
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Figure |. Experimental protocol: hypertension was induced at t0, and weekly measurements of systolic pressure (sAP) were made
prior to magnetic resonance imaging (MRI). Twelve weeks after the induction of hypertension, the animals were subjected to transient

(60 min) middle cerebral artery occlusion (MCAo).
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Figure 2. Evolution of systolic arterial pressure (sAP in mmHg) measured by the tail cuff method in hypertensive rats (HT) n=9
(&) and normotensive rats (NT) n =8 (53). The control period is represented by t0 and represents the measures performed before
renal artery stenosis, #p < 0.0001 (two-way repeated measures ANOVA followed by Tukey’s HSD test). The boxes define the
interquartile range; the solid horizontal line represents the median, and the whiskers represent the minimal and maximal values.

Following the induction of ischemia, abnormal
ADC values were automatically defined by threshold-
ing the images at the mean minus 2 SD of the values of
the contralateral (nonischemic) hemisphere after the
exclusion of the ventricular volumes.”> To quantify
ADC, FA, %, and AL in the cortex, the striatum,
and the corpus callosum, regions of interest (ROIs)
were manually delineated on four T2-WI coronal sec-
tions, over the antero-posterior brain axis, and then
copied on coregistered DWI images. To estimate
brain atrophy, both hemispheres (excluding the ven-
tricles) were delineated on each T2-WI section, and
their volumes calculated.

Statistical analyses

Data are represented as mean = SEM. Statistical ana-
lyses were performed with analysis of variance
(ANOVA) or two-way repeated measures ANOVA fol-
lowed, where appropriate, by Tukey’s honest significant
difference (HSD) or by paired z-test with Bonferroni
correction (JMP® software).

Results
Physiological parameters

In normotensive rats, mean sAP values remained stable
during the study (1354+4mmHg at the initiation and

138+ 7mmHg at the end) (Figure 2). However, in
hypertensive animals, sAP increased progressively to
reach a plateau 6 weeks following renal artery stenosis.
There was an increase of 82% in sAP (134 £2mmHg at
the initiation and 244 £ § mmHg at the end) (p < 0.0001)
(Figure 2). In the same animals, sAP was also signifi-
cantly greater under anesthesia during the induction of
ischemia and MRI acquisitions (Table 1). The other
physiological parameters (PaCO,, PaO,, p,H, and
body temperature) were within the normal range and
similar between the two groups of animals during
both surgery and the MRI acquisitions (Table 1).

Spontaneous hypertension-induced
neuropathological lesions prior to induced stroke

Evolution of T2-WI-derived signals. In normotensive rats no
abnormal signal was observed irrespective of the time
studied (Figure 3). None of the hypertensive animals
displayed evident MRI abnormalities at 3 weeks follow-
ing the induction of hypertension. However, from week
6 and thereafter, abnormal signals were apparent on
T2-WI and were located in the grey matter in cortical
and subcortical structures as well as in the bundles of
white matter (Figure 3). The proportion of the animals
that showed these abnormalities is the following: 4/9 at
6 weeks, 5/9 at 9 weeks, and 9/9 at 12 weeks. Some rats
(6/9) developed progressively an enlargement of the
cerebral ventricles (Figure 3). Petechial hemorrhages
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occurred in grey matter and were evidenced on
T2*-weighted MRI in 1/9 (6 weeks), 4/9 (9 weeks),
and 6/9 (12 weeks) following the induction of hyperten-
sion (Figure 3) (see also online Supplementary Figure).

Despite these brain damages, hypertensive rats did
not display any evident behavioral deficits during the
experimental protocol.

Temp.

138+8 37.6+0.1
116+7 37.6+0.1

paOZ

Evolution of DWI-MRI-derived signals. We have quantified
DWI-derived parameters (ADC, 1, AL, and FA
values) to address the question as to whether these par-
ameters could be employed as biomarkers for CAH-
induced brain lesions prior to the occurrence of
stroke and could predict the extent of damage after
the occurrence of stroke.

The analysis of ADC, in the corpus callosum, the
motor cortex, the striatum as well as the whole hemi-
sphere revealed time-related progressive reduction in
normotensive rats (two-way ANOVA with repeated
measures, time effect: p <0.001, p <0.025, p <0.038,
and p<0.02, respectively, Figure 4(a)). However,
while the hypertensive rats also displayed time-related
changes in the striatum and in the corpus callosum (two-
way ANOVA with repeated measures, time effect:
p<0.014 and p <0.021 respectively, Figure 4(a)), they
failed to show time related changes in the motor cortex
as well as the entire hemisphere (two-way ANOVA with
repeated measures, time effect: p=0.10, p=0.15,
Figure 4(a)). When each time point was analyzed separ-
ately, the ADC values were significantly increased in
hypertensive rats at 12 weeks after the induction of
hypertension in the corpus callosum (p <0.05), and a
tendency toward an increase in the motor cortex was
found (p < 0.06) (Figure 4(a)).

With respect to FA, there were time-related changes
in normotensive animals (Figure 4(b)). In the corpus
callosum, the FA increased over time (two-way
ANOVA with repeated measures, time effect: p <0.05,
Figure 4(b)) and decreased in the cortex (two-way
ANOVA with repeated measures, time effect: p <0.01,
Figure 4(b)). No changes were statistically significant in
the hypertensive animals (two-way ANOVA with
repeated measures, time effect: p > 0.05, Figure 4(b))
except for the motor cortex (two-way ANOVA with
repeated measures, time effect: p <0.05, Figure 4(b)).
In the striatum, no time-related changes in hypertensive
and normotensive rats were noted (two-way ANOVA
with repeated measures, time effect: p>0.05,
Figure 4(b)). Although there was no global difference
between the two groups when all the time points are
concomitantly considered (two-way ANOVA with
repeated measures, no group effect: p>0.35, time
effect p<0.05 and no group x time interaction:
p>0.5), the comparison of the two groups at each
time, taken separately, revealed that the FA decreased

PaCOZ

7.424+0.02 408+ 1.7

p.H
12047 7394002 39.8-+32

During MRI session
198 + 5%

sAP

Temp.

159+20 37.8+0.2
123+ 15 379+0.1

PaOZ

Following MCAo
PaH PaCOZ
138+7 7.46+0.02 363+4

sAP

Temp.
130+ 17 37.6+02 246+8% 7.46+0.02 40.9+3.1

125+ 18 374+0.2

PaOZ

paCOZ
385+1.0
40.6 +0.4

7.43 £0.0I
7.42+£0.01

Physiological parameters.
paH

Before MCAo
sAP

107+5

199 + | 2%

Note: All measurements were made under anesthesia. sAP: systolic arterial pressure in mmHg; Temp. = rectal temperature in °C; HT: hypertensive animals (n=9); NT: normotensive animals (n=38).

*p < 0.05, ¥p < 0.01 relative to normotensive animals (two-way repeated measures ANOVA followed by Tukey’s HSD test).

Table I.
NT
HT
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Figure 3. Hypertension-induced brain lesions. Lesions observed on T2-weighted imaging and T2*-weighted imaging in five hyper-
tensive rats (HT) as a function of time. The abnormal signals are indicated by arrows. The normotensive (NT) rats failed to display any

comparable observable signal.

in the corpus callosum of the hypertensive rats (z-test,
p < 0.05) and increased in the cortex and the entire right
hemisphere (z-test, p < 0.05) at 12 weeks following the
induction of renovascular hypertension (Figure 4(b)).

When parallel and radial diffusions were quantified,
no major and consistent differences were found between
the hypertensive and normotensive rats (data not
shown).

Hypertension-induced brain lesions following stroke

Evolution of MR angiography signal. Immediately after the
MCAo, the animals were transferred to the MRI scan-
ner and an MR angiography was performed. In all rats,

irrespective of the group considered, the MCA dis-
appeared which confirms the efficacy of the occlusion
(Figure 5). There was no spontaneous reperfusion as
witnessed by the persistence of the occlusion 50 min
following the occlusion (Figure 5). The reperfusion
instituted, 60 min following the occlusion, was success-
fully achieved in all rats as confirmed by the reappear-
ance of the signal in the previously occluded MCA
(Figure 5).

Evolution of diffusion abnormalities during and after
MCAo. Ten minutes following the induction of ische-
mia, ADC maps revealed an exacerbated lesion in
hypertensive compared to normotensive rats
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Figure 4. Evolution of apparent diffusion coefficient (ADC) (a) and fractional anistropy (FA) (b) values in the corpus callosum,
striatum, motor cortex, and whole hemisphere during the rise of hypertension. *p < 0.05, *p < 0.01 (time effect, two-way repeated

measures ANOVA), #p < 0.05 t-test.

(406 +82mm?>, 179+ 36mm?>, respectively; p<0.02)
(Figure 6(a)). The difference in the volume of the
lesion was maintained 50 min following the occlusion
and 10 min following reperfusion (452.1 +70.8 mm? vs.
200.7+43.3mm? p<0.02 and 420.5+91.2mm> vs.
142.9430.9mm?; p <0.01, respectively) (Figure 6(b)).
Interestingly, in normotensive rats but not in hyperten-
sive ones, reperfusion significantly decreased the
volume of tissue that displayed ADC abnormalities
(» <0.05) (Figure 6(b)). Indeed, the threatened tissue

salvaged by reperfusion was 20 £+9% in the hyperten-
sive rats and 41 +8% in the normotensive animals
(p <0.05) (Figure 6(c)).

Correlation between ADC before ischemia and
lesion volume
The comparison between ADC values and the extent of

the ischemic lesion revealed a significant correlation in
hypertensive rats between the ADC values in the
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Before MCAo

MCAo+10min.

MCAo+50min.

Reperf.+10 min.

Figure 5. Representative MR angiography images before, and during MCAo (+10 min and +50 min) as well as at reperfusion in a
normotensive rat (NT) and a hypertensive rat (HT). The white arrow points the right MCA. During MCAo, the hyperintense signal
from the artery disappeared (MCA not distinguishable) and the right MCA signal reappeared immediately after reperfusion.

ipsilateral striatum 12 weeks after hypertension induc-
tion and the ADC defined lesion volume 50 min after
ischemia (R*=0.47, p <0.04) (Figure 6(d)).

Discussion

It is established that hypertension is not only a major
risk but also the most aggravating factor for ischemic
stroke. Indeed, hypertension is responsible for more
than 50% of patients presenting with an acute ischemic
stroke. Despite these facts, CAH is rarely taken into
account in preclinical studies of stroke.?’

Although SHRs mimic many features of human
essential hypertension, it is well established that the
exacerbation of the ischemic lesion in this strain is not
only due to the hypertension per se.'> Accordingly, this
issue is crucial to consider when SHRs are employed in
stroke studies in which arterial hypertension is inte-
grated. Therefore, an alternative and complementary
model of hypertension should be employed.

In the present study, we have used a secondary
hypertension model, namely the 2K-1C, in which
hypertension is induced by a unilateral renal artery
stenosis. The arterial blood pressure increased progres-
sively and reached a plateau 6 weeks following the sten-
osis, which concords with the time-course previously
reported.”>?® With multiparametric MRI, we were
able to analyze different structural variables during
the development and the installation of hypertension.

These analyses revealed various alterations in brain
tissue as soon as 6 weeks following the induction of
hypertension. T2-weighted imaging revealed circum-
scribed lesions that affected the cortex, the striatum,
the thalamus, and bundles of white matter (Figure 3).
These spontaneous lesions increased in frequency and
size as the time evolved to the extent such that all
hypertensive animals displayed pathological signals at
12 weeks after the induction of hypertension. Those
findings were consistent, in part, with a previous
study conducted by Del Bigio et al.!” in a more severe
model of renovascular hypertension, namely the 2k-2C
model. The authors reported that hypertensive rats dis-
played a rapid and severe increase in arterial pressure
(sAP >270mmHg) that was accompanied by the for-
mation of brain edema and infarction visible on T2-WI.
Hypertension-induced brain lesions have also been
reported in man.?* ** These lesions could be attributed
to the failure of cerebrovascular autoregulation and
disturbed blood-brain barrier.****

We also noted profound hematomas and marked
ventricular dilatation in the hypertensive rats, both
pathologies are found in SHRs as well as in patients
with hypertension.®>> 37 The enlargement of the ven-
tricles can be interpreted in two different ways: (1) the
drainage of CSF is limited, which may result in an
increase in intraventricular pressure with consequently
ventricular dilatation, and/or (2) the loss of brain tissue
is compensated by an enlargement of the ventricles.
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Figure 6. Representative ADC maps from normotensive (NT) and hypertensive (HT) rats before the occlusion and at 10 and 50 min
postocclusion and |0 min post reperfusion (a). ADC-defined lesion volume in normotensive (NT) and hypertensive (HT) rats following
the occlusion of the MCA and following reperfusion. *p < 0.05 (two-way repeated measures ANOVA followed by Tuckey HSD) (b).
Percentage of tissue volume with abnormal ADC values salvaged by reperfusion. This volume is expressed as the volume of the lesion
after reperfusion relative to that at 50 min postischemia. *p < 0.05 (t-test) (c). Correlation between striatal ADC values |12 weeks after
the induction of hypertension and lesion volume at 50 min postischemia in hypertensive rats. R>=0.47; p < 0.04 (linear regression) (d).

It seems that the latter hypothesis is the more plausible.
SHRs, characterized by a ventricular enlargement, have
normal intracranial pressure.>®>° Taken together, cere-
bral atrophy could explain the dilatation of the ven-
tricles as has been found in SHRs and hypertensive
man.***" In this latter study, it was suggested that
hypertension induces an inevitable acceleration of
brain atrophy, irreversible because even with
anti-hypertensive therapy and controlled hypertension,

those hypertensive subjects still showed a decline in
brain matter.*' In our study, hypertensive animals dis-
played a reduction of brain tissue volume (7%) com-
pared to normotensive ones.

Overall the T2-WI data obtained in our studies
strongly argue for the pertinence of the 2K-1C model
to analyze the neuropathological signs of CAH.
To extend these observations, we asked the question
as to whether DWI-MRI could reveal more discrete
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anomalies in the brain during the developmental and
stable phases of hypertension, so as to provide nonin-
vasive and early markers of the disease in hypertensive
patients. DTI-derived parameters are increasingly
documented to be a correlate of microstructural
changes in different neurological diseases and therefore
could provide noninvasive early markers of disease. In
the context of CAH, identification of early cerebral
changes associated with later development of stroke
or dementia could be of importance in the management
of hypertensive patients.

The quantification of the ADC values showed that
normotensive animals exhibited a time-related decrease
of this parameter in all the structures analyzed
(Figure 4). This temporal decrease was not observed
in hypertensive rats, especially when the whole hemi-
sphere is considered, including both the cortex and the
corpus callosum. An age-related decrease in ADC has
been reported both in healthy animals and man.*** It
is postulated that the lower ADC values are correlated
with the process of brain maturation. The maturation
results in an increase in myelination and increased cell
density and connectivity.** The different profiles of evo-
lution of ADC observed in hypertensive animals would
suggest that hypertension, to a certain degree, disturbs
the normal organization of the brain. ADC modifica-
tions could be related to the relative increase in water
content of the tissue as has been reported in SHR as
well as in rats with renovascular hypertension.'”>*3*

FA, which indicates the deviation from the isotropic
diffusion of water molecules, was also altered in hyper-
tensive animals in comparison to normotensive ones as
was noted with the ADC data. This scalar parameter is
an estimation of the cellular and tissular integrity and is
increasingly employed in patients with neurological dis-
eases such as stroke.*> The FA was significantly
decreased in the corpus callosum and increased in the
cortex in hypertensive animals following 12 weeks of
hypertension. These data, that are consistent with
those reported by Lopez-Gil et al.** in SHR, and
Wiesmann et al.** in mice in which hypertension was
induced by angiotensin-II, again speak for hyperten-
sion-induced structural abnormalities in the brain.
Such pathologies could underlie the cognitive deficits
described in hypertensive subjects.**” Although in
our studies no overt behavioral defects were observed
in hypertensive rats, even 12 weeks after the induction
of hypertension where all the animals displayed discrete
brain lesions, the use of adapted tests, be they cognitive,
motor or sensory, could reveal impairments similar to
those reported in SHR by Lopez-Gil et al.*’

Our study also demonstrates that rats with chronic
renovascular hypertensive suffer exacerbated brain
infarcts as already described in the literature.”> As
early as 10 min after occlusion of the middle cerebral

artery, the ADC-defined lesion in hypertensive animals
was almost twice that of normotensive rats. Also
worthy of note, although reperfusion significantly
reversed the lesion in normotensive rats, it was less
effective in hypertensive animals. These findings agree
with our previous publication showing that the penum-
bra rapidly disappears in both SHRs and renovascular
hypertensive rats.>> Further support of this hypothesis
is that thrombolysis with tissue-plasminogen activator
t-PA is less effective in hypertensive animals and
patients with uncontrolled hypertension.**

As the imaging paradigms employed in our studies
are readily applicable to the clinical situation, our data
argue for the importance of the analyses of DWI-
derived parameters in patients presenting with uncon-
trolled CAH. Interestingly, we observed that ADC
values within the striatum during established hyperten-
sion were correlated with the extent of ischemia-
induced brain lesions. This correlation, that requires
further corroboration, might suggest that ADC could
be employed as a biomarker to predict the effects of
hypertension on eventual stroke-induced lesions.
Based on the above, it would be appropriate to analyze
the effects of antihypertensive therapies on the evolu-
tion of these DWI-derived parameters.

Although our study has some limitations that may
be improved (such as absence of quantification of cere-
bral blood flow changes and behavioral deficits during
the development of hypertension and manual delimita-
tions of some regions of interest), it permitted us to
characterize a secondary hypertension model in which
brain lesions occur during the chronic phase of hyper-
tension reminiscent to those reported in hypertensive
patients. This model also exhibits exacerbated ischemic
brain lesions after MCA occlusion which make it a
highly pertinent preclinical model which might be
employed, alone or concomitantly with SHRs, in
laboratory studies of the pathophysiology and the
treatment of stroke.
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